Abstract-In this paper, a compact stepped-impedance hairpin resonator (SIHR) low-pass filter (LPF) with an improved split-ring resonator defected ground structure (ISRR DGS) and two elliptical DGSs is presented. The proposed LPF exhibits the advantages of low insertion loss, sharp cutoff characteristic, wide stopband over the ordinary LPFs. The introduced DGSs are presented to improve the inband and out-band characteristic. An equivalent RLC circuit model of the two kinds of DGSs is presented and analyzed. Combining with these two structures, a new SIHR LPF having 3 dB cutoff frequency of 2.5 GHz is fabricated and measured. Measured results show that the selectivity of the proposed LPF is more than 100 dB/GHz and the insertion loss is less than 0.5 dB in the passband. A wide stop-band bandwidth with 20 dB attenuation from 2.58 up to 7.5 GHz is achieved. Moreover, the occupied area is only 20 × 25 mm 2 .
INTRODUCTION
Small-size, sharp cutoff characteristic, and low insertion loss low-pass filters (LPFs) are frequently required in many RF and microwave wireless communication systems. Many new types of microstrip filters have been proposed and designed to satisfy these requirements. Due to requirements of miniaturization, low insertion loss and simple structure, defected ground structure (DGS) has become increasingly popular for many microwave circuit designs such as amplifiers, couplers, especially in filters [1] [2] [3] [4] . The DGS disturbs the shield current distribution in the ground plane, which can greatly change the characteristics of a transmission line such as distributed capacitance and inductance. Thus, it can improve passband performances and realize compact size [4, 5] .
Another size reduction technology for the resonator, steppedimpedance hairpin resonator (SIHR), has also been dramatically developed [5] [6] [7] [8] . However, it has the gradual cutoff skirts and high insertion loss. To improve the cutoff characteristics and the in-band properties, some special DGS cells combined with stepped-impedance hairpin resonator (SIHR) are adopted, which are typically represented by split-ring resonator DGSs and asymmetric DGSs [9, 10] .
In this paper, a new design of SIHR LPF is presented. With two elliptical DGSs added to it, the DGSs has good lowpass characteristics and improves the harmonic-suppression characteristic in high frequency stopband. Besides this DGSs structure, an another improved split-ring resonator defected ground structure (ISRR DGS) cell is also incorporated in it, which not only improves the cutoff frequency response but also lowers the insertion loss in the passband. The equivalent circuits of the two kinds of DGS cells are also presented and analyzed. With these structures, the proposed LPF exhibits the characteristic of sharp cutoff characteristic, low insertion loss, wide stopband, compact size and easy fabrication. 
, the size of SIHR becomes smaller than that of the conventional hairpin resonator, while it is an elliptic-function low-pass filter using microstrip SIHR [11] .
The proposed SIHR LPF is designed for the 3 dB cutoff frequency of 2.5 GHz and fabricated on an F4B-2 substrate of thickness 0.5 mm and relative permittivity ε r = 2.65. The optimal dimensions of the SIHR LPF are L 1 = 6 mm, L 2 = 5.2 mm, W 0 = 1.37 mm, W 1 = 3.57 mm, and g 1 = 0.5 mm. Figure 2 shows the simulation results of the SIHR LPF. It shows that the insertion loss is too high and without sharp cutoff skirts out-of-band. In addition, an insufficient attenuation at the stopband better than 20 dB is from 3.63 to 6.17 GHz. To improve the above performance, we introduce two kinds of DGS as followed.
Elliptical DGS Cell and Equivalent Circuit Analysis
As shown in Figure 3 (a), Elliptical DGS cell is obtained by an etched slot, which is connecting with two elliptical defected structures in the ground plane. As is well known, there is a close relationship between the etched sizes of the DGS and electrical parameters of the equivalent element values [12] . To derive the equivalent network parameters, the S-parameters of a DGS cell at the reference plane can be calculated by EM-simulator. Then, using the relationship between the S-parameter and ABCD matrix, the equivalent network parameters can be extracted [4] .
where ω 0 is the resonance frequency, ω c is the 3-dB cutoff frequency, and Z 0 is the characteristic impedance of the microstrip transmission line.
To confirm the validity of the presented equivalent model, the DGS cell has been simulated using HFSS V11.0. For the EM simulation, the permittivity of the dielectric board is 2.65 and its thickness is 0.5 mm, the width of the microstrip transmission line on the top layer is 1.37 mm, which corresponds to the 50 Ω characteristic impedance. The dimension parameters of the DGS cell are a = 2 mm, b = 5 mm, s = 14 mm, and g = 0.5 mm. Figure 3(b) shows the equivalent circuit of the proposed DGS cell with equivalent network parameters of C = 0.9554 pF, L = 2.9488 nH, R = 1056 ohm. The comparison showing in Figure 4 reveals that the EM simulation agrees well with the equivalent circuit simulation obtained by advanced design system (ADS). Figure 5 shows the frequency responses of EM simulation with different radius b. The radius b varies from 3 mm to 5 mm, while the radius a = 2 mm, the slot length s = 14 mm, and the slot width g = 0.5 mm are kept constant. It demonstrates that the value of the inductance L in the equivalent circuit increases as the radius b varies from 3 mm to 5 mm, which has relatively little effect on the equivalent capacitance C, while both of them can be obtained from the Equations (1) and (2) . Simulated results show that the attenuation pole shifts from 3.66 to 3 GHz. This fact indicates that the equivalent inductance will change as the area of the elliptical DGS varies. Therefore, changing the dimension parameters of the DGS will cause the cutoff frequency and the attenuation poles shift. In other words, the resonant frequency can be controlled by adjusting the elliptical DGS for spurious out-band suppression.
The ISRR DGS Design and Analysis
As analyzed above, the elliptic DGS can be used for low pass filter design and spurious out-band suppression. However, this structure also has some disadvantages such as insufficient suppression in passband and slow cutoff characteristic. Therefore, an ISRR DGS are introduced into the LPF [13] . Figure 6 shows the proposed structure of the ISRR DGS and its equivalent circuit. It shows that the ISRR DGS functions as a parallel resonator. Therefore, etching split-ring defected structure in the ground means a parallel resonator will be added to the equivalent circuit. Figure 7 depicts the comparison of three types of different resonators. It shows that the ISRR DGS cell has more advantages over the elliptical DGS cell and conventional complementary splitring resonator (CSRR) cell, including flatter lowpass property and a sharper cutoff response. Nevertheless, its performance at the stopband becomes worse. Figure 8 shows the variation of the different resonant frequency properties of the ISRR DGS with different radius of R 1 . Evidently, the resonant frequency shifts to low frequency band when R 1 gets large, so the resonant frequency can be determined by adjusting the radius R 1 of the ring. 
The Proposed Lowpass Filter Design and Optimization
Generally, conventional DGS has some disadvantages such as narrow bandwidth at the stopband and insufficient suppression in highfrequency range. In addition, they also have a poor cutoff response. Therefore, to design the desired lowpass filter with compact structure, two elliptical DGSs and an ISRR DGS are introduced into the SIHR LPF to improve the passband insertion loss, cutoff frequency response, and stopband performance.
As shown in the Figure 9 , because of the mutual influence of the two kinds of DGS and the electromagnetic field distribution of the SIHR LPF, the distance between the elliptical DGS and the ISRR DGS (L 6 ) and the distance between the ISRR DGS and the center of the PCB (L 7 ) should be fine-adjusted to make the filter achieve the best performance. After optimization, the optimal values of the parameters are a = 0.7 mm, b = 1.5 mm, s = 4 mm, W 0 = 1.37 mm, W 1 = 3.57 mm, W 2 = 1 mm, W 3 = 1 mm, W 4 = 0.75 mm, L 1 = 6 mm, Figure 9 . Layout of the proposed LPF. Figure 9 shows the whole view of the proposed LPF.
To comprehensively investigate the influence of two kinds of DGS cells: the elliptical DGS and the ISRR DGS, on the performance of the proposed LPF, different meaningful simulations are performed. That is the performances of the filter composed of the SIHR and the two elliptical DGSs or of the SIHR and the ISRR DGS. Figure 10 shows the simulated result of the SIHR LPF with different types of DGS cells. As shown in the figure, the proposed combination of the two kinds of different DGS units can effectively improve the characteristic of insertion loss at the passband, the cutoff skirts and the attenuation at the stopband. Factually, the best of the proposed insertion loss is lower than 0.5 dB at the passband, and its attenuation at the stopband better than 20 dB is from 2.58 to 7.5 GHz, which shows a good improvement compared the curve in the Figure 2. 
MEASURED RESULTS
After the above design and optimization, the proposed LPF is fabricated and measured. Photograph of the proposed filter is shown in Figure 11 (a). The measured and simulated results of the return loss are presented in Figure 11 (b), which appears a good agreement. Measured result demonstrates the fact that the insertion loss is less than 0.5 dB in the passband, the selectivity of the LPF is more than 100 dB/GHz, and a wide rejected band (lower than 20 dB), from 2.58 to 7.5 GHz, is also achieved.
CONCLUSIONS
A compact low-pass filter with DGS is proposed. By adding the ISRR DGS and two elliptical DGSs, the LPF exhibits an excellent characteristic of low insertion loss in the passband, sharp cutoff frequency response and a wide stopband. The characteristic of different DGSs are extensively discussed with its equivalent circuit in this paper. Moreover, the occupied compact size is only 20 × 25 mm 2 . Both simulated and measured results show that the proposed LPF can be used as a promising candidate for many applications in modern communication systems.
